Green noise barriers have become an alternative means of reducing urban traffic noise. In this paper, the acoustic performance of a modular greenery noise barrier is evaluated. In situ measurements of noise reflection were performed using an experimental prototype to estimate the sound absorption coefficients. These coefficients were found to have values of approximately 0.7, higher than those previously found in laboratory measurements for a similar system with a lower vegetation density. The obtained values were input into software for predicting environmental noise to analyse the expected performance of such barriers, particularly in the case of a pair of parallel barriers. A comparison with the results for reflective barriers indicates a significant improvement in sound attenuation of up to 4 dBA. The values are similar and even superior to results reported by other authors regarding the effectiveness of absorptive treatments applied to parallel barriers, and furthermore, the proposed barriers offer an aesthetic element for environmental integration.
Introduction
Urban planning considers various aspects related to demographics, safety, mobility, and economic viability, among other factors; however, noise control is not always included, at least in the early stages. In such cases, solutions to noise problems must be developed when they appear, typically by reducing the level of noise or obstructing its propagation. Road traffic is one of the most common sources of noise pollution affecting residents' quality of life, especially in an urban context (Kang, 2006; Den Boer and Schroten, 2007) . Areas near roads with heavy traffic can be protected by erecting noise barriers. Extensive research on noise barriers with different characteristics has been performed over the past four decades, including geometrical analyses, theoretical modelling and full-scale testing (Ekici and Bougdah, 2003; Kotzen and English, 2009) . Urban development and growth can necessitate the protection of areas to both sides of a heavily trafficked roadway by means of the construction of a pair of acoustic barriers, but in such a case, the multiple reflections occurring between the barriers may result in a significant degradation in screening performance compared with that of a single barrier (Watts, 1996a; Cianfrini et al., 2007; . Watts (1996) performed full-scale tests of several different parallel-barrier configurations and found, for example, that the screening performance of a single 2 m high barrier on one side of the road was reduced by 4 dB(A) when a reflective barrier of a similar height was erected on the other side of the road. To improve the performance of noise barriers, various approaches or combinations of approaches can be adopted. Some strategies for mitigating the problems of parallel barriers involve inclining them vertically or designing shapes with which to modify their diffracting edges (Watts, 1996b; Menounou and Busch-Vishniac, 2000; Ishizuka and Fujiwara, 2004) . Another method involves the application of sound-absorbing materials to the traffic-facing side of each barrier (Watts, 1996a; Watts and Godfrey, 1999; Palma and Samagaio 2006; Cianfrini, et al., 2007; . As an example, measurements comparing the performance of sound-absorptive, reflective, and T-profile noise barriers (May and Osman, 1980) have shown that a T-profile barrier produces a reduction in the level of noise that is approximately 1-1.5 dB(A) greater than that of the same barrier without the cap, whereas no significant difference was observed between the noise reductions achieved in the absorptive and reflective configurations. Nevertheless, absorptive materials can eliminate, or at least reduce, reflection effects and therefore counteract the degradation in the performance of a single barrier caused by the presence of a second parallel barrier (Watts, 1996a) . In a scale model , the effects of barrier absorption on the source sides of barriers of various heights were tested, including the cases of reflective and absorptive parallel barriers. It was shown that the effect of adding absorptive material to the source sides of parallel barriers was equivalent to that of increasing the barrier height by 0.33 m.
A reduction in road traffic noise can be achieved through the optimal use of vegetation (Defrance et al., 2015) . The absorptive and scattering properties of greenery make it a potentially suitable alternative to classical barriers, in addition to presenting an aesthetic effect (Ekici and Bougdah, 2003) . Moreover, interaction with green spaces has a beneficial impact on noise perception (Dzhambov and Dimitrova, 2015) . Although vegetation barriers are able to reduce noise, they must be at least 1.5 metres thick to achieve attenuations higher than 5 dB(A) (Kalansuriya et al., 2009 ). However, a combination of vegetation and a solid barrier may be an interesting and effective solution (Dunnett and Kingsbury, 2004; Wong et al., 2010; Horoshenkov et al., 2013; , Hodgson et al., 2013 . A recent review paper by Van Renterghem at al. (2015) shows that there are many methods of reducing traffic noise by means of natural barriers between the road and the noise-affected region. Increasing the absorption at the surfaces of parallel road-noise-shielding walls by means of planted substrates is a useful technique. The reflective, deflective and absorptive properties of the plants and the attenuation effects produced by the air between the vegetation and the wall can increase the acoustic isolation provided by such a barrier. Furthermore, the plants and the wall represent opposite spectral solutions for noise transmission, blocking the sound in the lower and higher frequency ranges, respectively (Dunnett and Kingsbury, 2004) . Wong et al. (2010) analysed 8 vertical greenery systems. Their results showed stronger attenuation at low to moderate frequencies due to the absorbing effect of the substrate, whereas weaker attenuation was observed in the high-frequency spectrum. They also observed an increase in the sound absorption coefficients with greater greenery coverage. Horoshenkov et al. (2013) In previous work, a greenery wall prototype for use in building façades was designed and constructed (Urretarazu and Bures, 2012) . The system is composed of independent modular units and a support mechanism. Each modular unit is a closed box filled with a substrate, in which plant species are cultivated. To analyse the possible application of this modular greenery wall for noise reduction, two different standardized laboratory tests were conducted (Azkorra et al., 2015) . The main results were a weighted sound reduction index (Rw) of 15 dB and a weighted sound absorption coefficient () of 0.40. The goal of the present paper is to analyse the performance of this modular-based greenery system when applied in the design of noise barriers to increase their noise absorption capabilities and their integration with their surroundings. First, in situ measurements of noise reflection at a moderate scale were performed to estimate the sound absorption coefficients. Then, the obtained values were input into software for noise prediction to evaluate the potential improvement in sound attenuation that can be achieved by such greenery barriers.
In Europe, in situ measurements of the sound reflection properties of noise barriers are currently performed in accordance with CEN standards (2003) . The specified method involves the averaging of measurements taken at specific angles of incidence. Rotation can be performed in the vertical or horizontal plane. The results are computed in one-third-octave frequency bands and describe the extent to which the device under test reflects a sound wave back towards its source. Recently, in the framework of the European QUIESST project, this method was thoroughly revised (Guidorzi and Garai, 2013; Garai et al., 2014) . The method requires a minimum barrier width and height of 4 m to avoid the effect of ground reflections (if vertical rotation is chosen) or post reflections (if horizontal rotation is chosen). Because of these geometrical constraints, in most cases, the CEN/TS 1793-5 standard (CEN, 2003 ) cannot be applied. Moreover, to obtain the reflection index for each band, specular reflection properties are assumed. Some authors (Tronchin, 2013) have noted that for this reason, the results obtained using this method may not be adequate for rough surfaces, as this assumption is incorrect for the scattering surfaces. Furthermore, for the in situ measurement of sound absorption coefficients, the ISO 13472-1 standard is recommended for road surfaces. Several authors have applied this technique to various surfaces (Londhe, 2009; Guidorzi, 2008) . In the study reported in this paper, a procedure based on this method, although with some differences, was used to compare the reflection characteristics of barriers with and without the proposed modular greenery system. The noise reduction provided by barriers is often evaluated through numerical simulations.
Numerous software packages are available for assisting in the prediction of traffic noise levels and the evaluation of noise barrier performance, such as CadnaA, SoundPlan, LimaA, Immi or MicroBruit (Boczkowski, 2013; Guarnaccia et al., 2014a Guarnaccia et al., , 2014b Carr et al., 2012) . In this study, CadnaA (Computer Aided Noise Abatement) was used. The general approach of CadnaA is based on the inverse ray-tracing technique (Guarnaccia et al., 2014a) . This software enables the analysis of the noise generated by various sources, such as roads and railways, based on international standard technical parameters. Either localized receivers or extended areas can be considered; in the latter case, the analysis is performed for individuals divisions of a grid of the desired size.
Materials and methods

Description of the prototype greenery wall
The barrier was constructed from concrete blocks and coated with mortar. The dimensions of The green wall system is based on recycled polyethylene modules; each is an independent hydroponic crop unit (MCU) (Urrestarazu, 2012; Perez, 2016) . The MCUs are resistant to UV radiation and are 600 mm wide by 200 mm high by 400 mm thick. Each MCU is a closed box filled with a recyclable and environmentally friendly substrate: a 50/50 vol/vol mix of compost and coconut fibres of 15 cm in thickness. A lower layer of recycled plastic (3 mm in thickness), which is environmentally beneficial by virtue of the recycling of the plastic, also provides resistance and collects rainwater from the upper layer. Each MCU is independent and is held in place by a stainless steel structure. An irrigation system and vegetal canopy, as described by Urrestarazu and Burés (2012) and Azkorra et al. (2015) , is used. This green wall is designed to host any small shrub, although native plants that are well adapted to the climate are recommended. In this study, the Helichrysum thianschanicum species was used. This species is widely used in gardening in the Mediterranean climate and particularly in plant façades because of its high resistance to drought and high temperatures. Each module contained 24 precultivated plants with an average height of 0.4 m. Acoustic measurements were performed after the irrigation, resulting in a composition of 16.2% solid materials, 51.8% water and 23% air (by volume).
In situ measurement procedure
In situ measurements of sound reflection were performed on the experimental noise barrier both with and without the modular greenery system. Although the small dimensions of the prototype prevented the precise determination of the noise absorption characteristics, a comparative analysis could be performed to quantify the improvement achieved by mounting greenery on the plain concrete wall. A method based on the ISO 13472-1 standard and the European CENT/TS 1793 standard, though with certain simplifications and adaptations to the experimental set-up, was used. The procedure consisted of generating and analysing the evolution of a train of very short acoustic signals (pulses) incident on and reflected by the barrier. A microphone was placed between the omnidirectional source and the barrier (Fig. 2) . With the selection of a sufficient short time for analysis, it is possible to assume that this microphone received both the directly incident sound and that reflected by the barrier. In addition, the directly incident sound was also registered by placing a second microphone at the same distance from the noise source but in a location free of reflections coming from nearby walls. The effect of ground reflections is expected to be similar in both recordings. Thus, the subtraction of the two simultaneously recorded signals should yield the signal corresponding to the reflected sound. The characteristics of the devices used are as follows: two M1-17 1/4" microphones and a DO12 omnidirectional source. The barrier and the devices were placed on an earthen floor, which can be regarded as a highly absorptive material. As the objective of this study was to quantify the decrease in the reflection component achieved with the use of the developed greenery system, measurements with and without vegetation were performed under otherwise identical conditions. The distance from the noise source to the microphone was 1 m, and that from the microphone to the wall was 1.4 m. It should be noted that this latter distance is greater than the recommended value, but this choice is justified by the large thickness of the greenery elements. For each barrier, the spectral analysis of both the direct and reflected signals, evaluated within a small time window and corrected for the difference in path length, yields the surface reflection factor R P (f) for each octave frequency band:
where K r is a geometrical factor that depends on the difference between the paths followed by the direct and reflected waves, P r (f) is the spectrum of the sound pressure wave reflected by the barrier (after the application of the subtraction technique), and P d (f) is the spectrum of the direct sound pressure wave. It is worth noting several potential difficulties encountered in both performing the measurements and handling the data. An incorrect determination of geometrical factors and other corrections can lead to strong discrepancies in the reflection factors. A
significant improvement in the accuracy of the method can be achieved by performing a reference measurement using a totally reflecting surface for the same positions of the loudspeaker and the microphones (Garai et al., 1998) . In our case, the wall without greenery is not a totally reflecting surface, but it exhibits a known reflection behaviour and thus can be treated as the reference surface. The relative reflection factor R p,rel (f) is then evaluated as follows:
where P r,green (f) and P r,wall (f) are the spectra of the sound pressure waves reflected by the barrier with and without greenery, respectively.
Once the relative reflection factors have been obtained, the relative absorption coefficients can be calculated as follows:
The real absorption coefficients for the greenery wall can then be estimated from the relative coefficients  rel and the known absorption coefficients of the reference barrier,  wall :
In accordance with this procedure, a train of identical pulses was generated, each with a duration of 3 ms and separated by 1 s. The microphone was always placed at a distance of 1.4 m from the wall, but three different heights were tested: h=100, 90 and 80 cm. As observed from Fig. 1 , the greenery system was quite heterogeneous. The heights were selected such that points at h=100 cm were in front of zones with dense vegetation, whereas points at h=80 were in front of zones with sparse vegetation. Differences in the results for the different heights could
therefore provide information about the dependence of the sound reflection behaviour on the vegetation density.
Procedure for the numerical prediction of attenuation levels
The environmental noise prediction software CadnaA was employed to evaluate the improvement that can be achieved by using greenery barriers instead of barriers with low absorption. Calculations were performed for a 6-lane motorway of 30 m in width with an average daily traffic (ADT) of 12000 vehicles. The barrier height was set to H=3 m, and each was placed at a distance of W/2 from the centre of the track. Barriers regarded as "reflective barriers" were characterized by a low absorption coefficient (a value of 0.2 was set for all frequencies), whereas "greenery barriers" were assigned the absorption values measured from the modular greenery prototype.
Receivers were placed at distances d from the barrier and at heights h from the ground. At each receiver position, the improvement achieved for the green barrier, L A , was calculated as follows:
where L A,ref and L A,green are the sound levels, in dB(A), for pairs of reflective and greenery barriers, respectively.
Results
In situ measurement results
As described in Section 2.2, two microphones received a train of identical pulses representing both direct and reflected signals at various heights. As an example, Fig. 3 (top panel) shows the temporal evolution of the signals recorded by the microphone located at a height of h=100 cm for the barrier with and without greenery. In the case of the greenery-free barrier, reflection of the sound is clearly seen (dashed line), with a delay of approximately 8 ms from the directly
incident wave. In the presence of the greenery system, reflection is also observed but, as expected, at a much lower level (solid line). The reflected waves can be obtained by subtracting from these signals (p t ) the directed signals (p d ) recorded by a microphone at the same distance from the noise source but in a location free of reflections from nearby walls. The reflected signals (p r =p t -p d ) are presented in Fig. 3 (bottom panel) . In this representation, the effect of the vegetation in reducing the reflection of the wave can be more clearly observed. The first reflection from the barrier arrives at the second microphone 14 ms later than the direct signal.
Therefore, in light of the observed signals, a time window of 10 ms (also shown in Fig. 3) appears adequate for further analysis. 4 presents the sound pressure levels averaged over all analysed pulses that correspond to the reflected waves, in octave bands. The three left panels compare the levels for the barrier with and without greenery for the three microphone heights. In each case, the mean value obtained from 6 recorded pulses is shown. As expected, the levels corresponding to the greenery-free wall are always higher than those measured for the wall with greenery. The difference between the two values depends on the height of the microphone and is highest for the case of h=100 cm. This is because, as previously mentioned, the vegetation was distributed quite heterogeneously, and this reception point was immediately in front of a zone of dense vegetation. The right panels of Fig. 4 show, for each height, the relative absorption coefficients calculated using Eqs. (2) and (3). We observe that these relative coefficients are higher than 0.5 for all frequencies and measurement points. The standard deviation is 0.05. Table 1 shows the relative absorption coefficients, averaged over the three microphone positions, and the real absorption coefficients of the greenery barrier calculated using Eq. (4). higher, but it should be noted that because of the small value of the temporal window used in this analysis, the absorption coefficients at such low frequencies may be subject to error.
Predicted attenuation improvement provided by greenery-covered noise barriers
As explained in the introduction, when a pair of noise barriers is erected to protect areas located near roadways, the multiple reflections occurring between the barriers may result in significant degradation of the attenuation performance compared with that of a single barrier. It is expected that this problem should be minimized by the use of greenery barriers, and the objective of this section is to quantify this improvement. The environmental noise prediction software CadnaA was employed for this purpose, following the method explained in Section 2.3. First, the separation between the barriers was set to W=46 m. Several sets of receivers, located at different distances d from the barrier and at different heights h from the ground, were considered. Fig. 5 shows the predicted sound maps, at three different heights, corresponding to configurations with a single barrier, a pair of parallel reflective barriers and a pair of parallel greenery barriers. In Fig. 8 , the improvements achieved by using greenery barriers are presented, as functions of the receiver height h, for distances of d=20, 40, 60 and 80 m (these positions are marked in the sound maps presented in Fig. 5 ). As expected, the difference between using reflective or absorbing barriers is less important at greater heights. Above 8 m, the improvement is only approximately 1 dB(A) or less. At short distances (d=20 m), the improvement reaches a maximum at a height approximately equal to the barrier height (3 m). At longer distances, this maximum occurs at a lower height. 
Discussion and conclusions
A modular greenery wall was acoustically characterized to evaluate its potential performance as a roadway noise barrier. First, in situ measurements of the sound reflection and absorption coefficients were performed using an experimental prototype. The results for the greenerycovered wall and a reference wall without greenery were compared, revealing a clear improvement in the presence of greenery. The in situ measured absorption coefficients have an average value of approximately 0.7. In general, the values for all frequency bands are higher than those previously obtained in laboratory measurements (Azcorra et al., 2015) , which can be attributed to the fact that in these previous measurements, the vegetation in the greenery system was not as highly developed as that in the prototype barrier used in this study. In fact, these findings reinforce our belief that in situ measurements of this kind are a valuable tool for the realistic evaluation of greenery walls, which exhibit significant changes throughout the year that cannot be conveniently evaluated in the laboratory. (2010) for greenery with a high coverage density. In addition, the values are similar to or even higher than those obtained by other authors for porous concretes developed for highway noise barriers that incorporate recycled waste materials, such as coal bottom ash (Arenas et al., 2013) and waste concrete (Park et al., 2005) , as coarsening aggregates.
Numerical predictions obtained using the CadnaA software regarding the effectiveness of the proposed greenery system indicate that this system enables an improvement in noise-blocking performance when used in a pair of parallel barriers. The multiple reflections between the barriers are effectively minimized by the absorption provided by the greenery. The achieved improvement depends on the receiver position and the distance between the barriers, but a value of 4 dB(A) was obtained as a maximum for realistic situations. A comparison with the results obtained by other authors for absorptive parallel barriers is difficult because of the dependence on the specific characteristics of the barriers (dimensions, barrier separation), the traffic noise considered in each study and the receiver positions. However, the obtained improvement appears similar to that reported by some authors (Watts, 1996b) and higher than that reported by others .
The results obtained in this work are somewhat limited because they correspond to a particular level of vegetation growth in a system that varies throughout the year. However, when the experimental evaluation was performed, the vegetation was in an intermediate stage, and thus, the noise absorption values reported here can be regarded as average values. In any case, it is worth noting that unlike laboratory experiments, the proposed in situ protocol can be applied to collect measurements in different seasons and thus to evaluate the temporal evolution of the noise absorbance caused by the growth of the vegetation in green barriers. Additionally, the effects of different substrates could be analysed in future works. Another potential extension of this work, relevant for urban planning, would be to consider numerical predictions for a more realistic urban scenario. As shown in this paper, numerical simulations allow a greater understanding of the soundscapes in environments with various noise sources and could be a useful tool for facilitating the consideration of noise problems in urban planning projects to predict the future effects of sources of disturbance.
In conclusion, the proposed greenery barrier can be an alternative to other types of conventional barriers because, in addition to its aesthetic value, its high sound absorption provides an effective reduction in noise levels. The visualization of the results obtained through simulation clarified the distributions of the noise sound levels in all areas surrounding a road or highway for barriers with different configurations and characteristics. Furthermore, the applied in situ method is suitable for investigating the effects of changes in vegetation and enables the study of barriers with reduced dimensions.
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